Introduction
The c-Cbl proto-oncogene is the cellular homologue of v-Cbl, the retroviral transforming gene of the Cas NS-1 murine leukemia virus (Langdon et al., 1989) . Expressed predominantly in hematopoietic tissues, cCbl is related to two other genes: Cbl-b and Cbl-3 (Keane et al., 1995 Kim et al., 1999) . c-Cbl contains multiple signaling modules, including a phosphotyrosine binding domain, a RING domain, multiple PXXP docking sites for SH3-containing proteins, multiple potential phosphotyrosine residues for SH2-containing proteins, and a nuclear localization signal (Liu and Altman, 1998; Lupher et al., 1999) . cCbl directly couples responses to PI 3-kinase through coordinated phosphotyrosine-p85 SH2 or through Lyn SH2 interactions (Dombrosky-Ferlan and Corey, 1997; Hartley et al., 1995; Sattler et al., 1997) . Through its RING domain and N-terminal SH2 domain, Cbl members behave as E3 ubiquitin ligases with special targeting of protein tyrosine kinases or 3'OH-phosphatidylinositol kinases (Joazeiro et al., 1999; Zheng et al., 2000) . Although it too contains a RING domain, displays ubiquitin ligase properties, and undergoes tyrosine phosphorylation, Cbl-b lacks the phosphotyrosine residue that is recognized by the SH2 domain of p85 (de Jong et al., 1995; Keane et al., 1995) . Of note, Cbl-b retains that phosphotyrosine site recognized by the SH2 domain of CrkL (Elly et al., 1999) . Cbl's participation in signaling networks occurs through these multiple mechanisms; accordingly, it has both negative and positive stimulatory effects. c-Cbl-deficient mice display enhanced thymocyte expansion with enhanced T cell receptor signaling responses, such as ZAP-70 and MAP Kinase activity, and mammary epithelial hyperplasia mediated by the Epidermal Growth Factor Receptor (Murphy et al., 1998; Naramura et al., 1998) . As an ubiquitin ligase, c-Cbl promotes the degradation of signaling complexes, which supports its negative role in cell signaling. On the other hand, c-Cbl promotes positive events in a variety of cells. In myeloid-derived cells, c-Cbl promotes integrin-mediated cell spreading and macrophage colony-stimulating factor-induced bone resorption (Meng and Lowell, 1998; Scholz et al., 2000; Willeke et al., 2000) . In B cells, CD40 ligand stimulation requires c-Cbl for Akt activation (Arron et al., 2001) . By interacting with Crk, Cbl enhances either Jnk or MAP Kinase activation following stimulation by hepatocyte growth factor (Garcia-Guzman et al., 2000).
Interested in the Src-dependent intracellular signaling pathways of G-CSF, our laboratory has developed the avian DT40 B cell line which express the human G-CSFR ('DT40GR') as an experimental system to genetically dissect phosphotyrosine events following activation of the G-CSF receptor (Corey et al., 1998) . Wild-type DT40 cells express Lyn as the only member of the Src family, and Lyn-deficient DT40 cells have been generated by gene targeting (Takata et al., 1994) . We have found that wild-type and Lyn-deficient DT40GR cells responded to G-CSF with tyrosine phosphorylation of the G-CSFR, Jak1, and Jak2 (Corey et al., 1998) . Treatment of wild-type DT40GR with G-CSF resulted in increased Lyn kinase activity. Wild-type, but not Lyn-deficient, DT40GR showed G-CSF-induced proliferative signaling. Expression of Lyn in Lyn-deficient DT40GR restored G-CSF proliferative signaling, and expression of kinase-inactive Lyn in wild-type DT40GR cells inhibited the response. Subsequently, we reported that G-CSF-induced tyrosine phosphorylation of c-Cbl and PI 3-kinase activity required the presence of Lyn, and that both events correlated with DNA synthesis (Grishin et al., 2000) . We have also shown that a trimolecular complex of Lyn, c-Cbl, and the p85 regulatory subunit of PI 3-kinase occurs in vivo following Lyn's activation (Dombrosky-Ferlan and Corey, 1997) . Therefore, we hypothesized that c-Cbl plays a positive role in myeloid cell signaling. To address this hypothesis, we sought to repress by antisense the level of c-Cbl in DT40GR cells. We cloned the chicken c-Cbl cDNA and inhibited its protein level by expression of an antisense c-Cbl cDNA. As a consequence of c-Cbl repression by antisense constructs, we observed enhanced activation of Jak2, STAT3, and STAT5. Increased G-CSFinduced DNA synthesis was not associated with enhanced Jak-STAT activation. Repression of c-Cbl did not lead to enhanced PI 3-kinase activity. G-CSF treatment increased Lyn kinase activity, but levels of Lyn, not Jak2 or STAT, were decreased in cells with repressed Cbl expression. Together, these results suggest that G-CSF-enhanced Jak/STAT activation is not associated with a proliferative response and that the physiological level of Cbl plays a positive growthpromoting role in myeloid cells.
Results

mRNA expression of c-Cbl in DT40 cells
There are two useful features to this cell line: (1) highly-conserved molecules found in mammalian hematopoietic signal transduction pathways can be genetically manipulated and biochemically assayed, and (2) gene targeting can be achieved because of the high frequency of homologous recombination (Lahti, 1999) . Because of its usefulness in the genetic dissection of signaling pathway for B Cell Antigen Receptor, we sought to develop this line for G-CSF receptor signaling studies. First, we determined the presence of c-Cbl in DT40 cells. An approximately 6 -7 kilobase cCbl transcript was observed in the DT40 B cell line as well as chicken tissues from liver, intestine, spleen, muscle, and brain ( Figure 1 ). Like its expression pattern in mammalian tissues, chicken c-Cbl is widely-expressed with no evidence of alternative-spliced transcripts.
cDNA cloning of chicken c-Cbl
To isolate the cDNA clone for chicken c-Cbl, we used a combination of RT -PCR, RACE -PCR, and cDNA library screening. Multiple clones were isolated and ligated into the pCTR cloning vector for automated sequencing. The assembly of all contigs gave a 3506 nucleotide c-Cbl sequence. However, no poly-adenylation signal was found at the 3' untranslated region. The full-length cDNA for chicken c-Cbl consists of 2709 nucleotides, which encodes a 903 amino acid product and possesses all functional domains found in mammalian c-Cbl (Figure 2a ). There are several features to chicken c-Cbl cDNA: (1) the four amino acids after the first methionine are different from that found in the human and mouse gene products; (2) the length of N-terminal poly-histidine motif decreases from human to mouse to chicken; (3) the N-terminus retains the greatest degree of conservation with increasing divergence toward the C-terminus ( Figure  2b ). The N-terminus contains a conserved phosphotyrosine binding domain. While the amino acid sequence of the chicken homologue is most closely related to Drosophila, and C. elegans gene products of the c-Cbl/ Sli-1 gene (Figure 2c ), its extensive homology with human and murine c-Cbl suggests its importance in cell signaling.
Antisense repression of chicken c-Cbl
As an adaptor protein with multiple signaling modules, c-Cbl is involved in multiple pathways. For example, cCbl couples Src kinases to PI 3-kinase activation (Dombrosky-Ferlan and Corey, 1997) . Through the B cell linker protein (BLNK), Cbl regulates PLCg activity The predicted amino acid sequences of chicken, human (GenBank Accession #A43817), and murine c-Cbl (GenBank Accession #P22682) were aligned using the ClustalW software program (Thompson et al., 1994) . Gaps, indicated by dashes, are inserted to optimize alignment. Signaling motifs are annotated: critical phosphorylatable tyrosine residues by underline, nuclear localization signal by shading, RING domain by a double underline, and c-Cbl and Jak-STAT signaling L Wang et al (Yasuda et al., 2000) . We have shown that G-CSFinduced proliferation in DT40GR cells was affected by c-Cbl and PI 3-kinase (Grishin et al., 2000) . These studies relied on the expression of a c-CblY731F, a dominant negative mutant that uncouples c-Cbl from the p85 subunit of PI 3-kinase. Having obtained the full-length cDNA for chicken c-Cbl, we proceeded to determine the significance of the loss of c-Cbl in intracellular signaling. Because the DT40 cell system is hyperdiploid and that four rounds of gene targeting were required to ablate the chicken c-Cbl gene, we reasoned that antisense mediated suppression of c-Cbl expression would be a more straightforward approach. Nonetheless, enhanced phosphorylation of STAT1, STAT3, and STAT5 by G-CSF could not be accounted for by increased levels of STAT proteins. G-CSF increased the tyrosine phosphorylation of Lyn in the control and sense overexpressing cells ( Figure 4d ). However, levels of Lyn were reduced in the sense cells. Increased levels of ubiquitinated Lyn were demonstrated in 293 cells transfected with both Lyn and cCbl (data not shown). Thus, Lyn appears to be regulated at the protein level by Cbl, as has been shown for other Src kinases Fyn, Lck, or Src the proline-rich region by dashed underline. The truncated c-Cbl that serves as a murine oncoprotein is denoted by a bold underline.
(c) Phylogenetic tree of human, murine, chicken, Drosophila, and C. elegans Cbl. Predicted amino acid sequences for c-Cbl of the chicken, human, murine, Drosophila (GenBank Accession #CAA11149) and for sli-1, the C. elegans homolog (GenBank Accession #CAA61507), were aligned using ClustalW. For the phylogenetic analysis, Protdist together with Neighbor (distance matrix analysis) program was used (Felsenstein, 1995) From each line of stable transfectants, 10 7 cells were harvested, lysed, and subjected to immunoprecipitation with anti-Cbl antibody (Santa Cruz). The immunoprecipitates were then separated by 7.5% SDS -PAGE. Electrophoresed proteins were transferred onto PVDF membrane, incubated with anti-Cbl antibody (Santa Cruz), then with goat anti-mouse immunoglobulin-HRP, and then detected by ECL c-Cbl and Jak-STAT signaling L Wang et al (Andoniou et al., 2000; Rao et al., 2002; Yokouchi et al., 2001 ).
Changes in c-Cbl levels affect G-CSF-induced PI 3-kinase activity and proliferation
Based on our studies of DT40GR cells, Jak2 activation is not sufficient for G-CSF-induced proliferation (Corey et al., 1998; Grishin et al., 2000) . This is consistent with Jak-deficient mice, which had intact G-CSF responses (Neubauer et al., 1998; Parganas et al., 1998; Rodig et al., 1998) . Instead of Jak2, Lyn was found to activate Shc and Cbl-PI 3-kinase, which contribute to the proliferative response. Therefore, we studied these biochemical or functional responses. Interestingly, the magnitude of G-CSF-induced PI 3-kinase activity was decreased in cells with either repressed or enhanced c-Cbl expression ( Figure 5 ). Concomitantly, there was an inhibition of tritiated thymidine incorporation following G-CSF stimulation in c-Cbl antisense or sense modified DT40GR cell lines, when compared to vector transfected cells (Figure 6 ). Thus, genetic modification of Cbl levels correlated with inhibition of G-CSF-induced PI 3-kinase activity and tritiated thymidine incorporation. Maximal G-CSFinduced responses required a physiological level of cCbl.
Discussion
We report here the full-length cloning of the chicken cCbl proto-oncogene and effects of its altered expression on G-CSF-induced Jak/STAT and Lyn-PI 3-kinase activation. Based on the cDNA sequence of the chicken c-Cbl, antisense-mediated inhibition of c-Cbl was effective through the use of both partial antisense and full-length antisense constructs. This repression , and control vector (Con) DT40GR cells stable transfectants were starved, then stimulated (+/7) with 100 ng/ml G-CSF for 10 min at 378C. Following lysis, proteins cipitated using rabbit anti-Jak2 antibody. After separation on a 7.5% SDS -PAGE, the proteins were transferred onto PVDF membrane and incubated first with monoclonal anti-phosphotyrosine antibody (mAb 4G10) and then goat-anti-mouse antibody conjugated to horseradish peroxidase. The blot was then stripped and probed with anti-Jak2 antibody. Detection was by ECL. (b) STAT tyrosine phosphorylation. From standardized concentrations of lysed protein, proteins were immunoprecipitated with specific anti-PhosphoSTAT antibody, which were then blotted with anti-PhosphoSTAT1, anti-phosphateSTAT3, and anti-phospho-STAT5 antibody. Samples were loaded onto a 7.5% SDS -PAGE, electrophoresed, transferred onto PVDF filter, and probed. Detection was by ECL. (c) STAT levels. Whole cell lysates from 10 7 cells of DT40GR cells transfected with control vector (Con), Cbl Sense (S), Cbl full-length antisense (AS), and Cbl-deficient DT40 cells (Cbl7/7) were blotted for expression of STAT1, STAT3, and STAT5. b-Actin blotting was performed to show equivalent amount of protein loaded. (d) Lyn activation. Similarly, cell lysates with equivalent amount of protein were resolved by electrophoresis, transferred onto PVDF filter, which was then probed first with anti-phosphoSrc antibody (Cell Signaling), and then after stripping with monoclonal antibody to Lyn (UBI) c-Cbl and Jak-STAT signaling L Wang et al resulted in enhanced phosphotyrosine-mediated signaling involving Jak and STAT. However, enhanced Jak-STAT tyrosine phosphorylation did not correlate with increased G-CSF-induced PI 3-kinase activity or tritiated thymidine incorporation. These results were consistent with our previous studies that demonstrated a positive correlation between DNA synthesis and Lyn, Shc, or Cbl-PI 3-kinase (Corey et al., 1998; Grishin et al., 2000) . c-Cbl is one of three mammalian members of the Cbl family of proteins: c-Cbl, Cbl-b, and Cbl-3 (Keane et al., 1995 Kim et al., 1999 , 2000) ; whereas the G-CSF receptor, a member of the hematopoietin/cytokine receptor superfamily, recruits Lyn and Jak2 (Avalos, 1996; Corey et al., 1994) . As a result of the different repertoire of activated PTKs, downstream signaling events vary. While many ligands stimulate the tyrosine phosphorylation of c-Cbl, c-Cbl's under-phosphorylation in Src PTK-deficient cells suggests the physiological importance of Src kinases. Although many stimuli lead quickly to c-Cbl's tyrosine phosphorylation, most of the data from lymphoid and epithelial tissues suggest that c-Cbl behaves as a negative growth regulator, in part due to its function as an ubiquitin ligase (Joazeiro et al., 1999; Zheng et al., 2000) . Gene deletion of c-Cbl and Cbl-b results in T cell defects at different stages of T cell development. T cell receptor engagement leads to serine/threonine phosphorylation of c-Cbl, not Cbl-b, and its subsequent recruitment to 14-3-3. Cbl-deficient mice show mammary hyperplasia; whereas, the Cbl-b-deficient mice do not. Cbl-b-deficient mice have normal thymocyte development, but they have activated T lymphocytes which secrete IL-2. In Cbl-b-deficient mice, enhanced Vav and Akt activation occurs following T cell receptor engagement (Bachmaier et al., 2000; Chiang et al., 2000) . Differential effects of Cbl family members occur in non-lymphoid tissues. Mammary tissue hyperplasia occurs in cbl-deficient mice, but not in Cbl-b-deficient mice. However, Cbl-b, not c-Cbl, blocks epidermal growth factor-dependent growth .
However, c-Cbl's function in myeloid cells is poorly understood. Unlike lymphoid and epithelial tissues, cCbl is required for positive signaling in fully-differentiated myeloid cells. In phagocytic cells, engagement of FcgRI leads to the Src PTK-dependent formation of a Cbl-CrkL complex required for the activation of NADPH oxidase activity (Erdreich-Epstein et al., 1999) . In primary macrophages, antisense repression of c-Cbl blocked spreading mediated by Src PTK or PI 3-kinase (Meng and Lowell, 1998) . Engagement of the aIIb-b3 integrin on platelets leads to Src PTK-or Sykmediated tyrosine phosphorylation of c-Cbl and its recruitment to the cytoskeleton (Saci et al., 2000) . This activation of c-Cbl is associated with PI 3-kinase, which contributes to cytoskeletal reorganization. Whether activation of c-Cbl and associated PI 3-kinase activity leads to cell cycle progression or survival in dividing cells is not well established. In HL60 cells PI 3-kinase can couple a4b1 integrin to ERK2 activation, but c-Cbl appears to play a role in basal, not integrinmediated, activation of ERK2 (Finkelstein and Shimizu, 2000) . Expression of the oncogenic forms of Cbl suppresses apoptosis induced by growth factor Figure 5 PI 3-kinase activation in Cbl antisense-treated DT40 cells. Vector control (Con), antisense (AS), and sense (S) -treated DT40 cells were starved, then stimulated with 100 ng/ml G-CSF at 378C for 10 min. Following lysis, proteins were immunoprecipitated with monoclonal anti-phosphotyrosine antibody (4G10). A PI 3-kinase assay was performed with exogenous phosphatidylinositol on the immunoprecipitated proteins. After the reaction was stopped and an organic extraction was performed, the lipid layer along with a phosphatidyl-4-inositol standard was spotted onto a TLC plate, which was developed and subjected to autoradiography and quantified by densitometry. The shown autoradiograph is representative of three independent experiments. The average increase in PI 3-kinase activity in G-CSF treated cells were 310% for vector control, 180% for antisense, and 150% for sense Figure 6 Changes in c-Cbl levels inhibit G-CSF-induced proliferation. Vector control, antisense, and sense transfected DT40GR cells were starved, then stimulated in triplicate with varying concentrations of G-CSF (1 -100 ng/ml) for 6 h and labeled with 1 mCi/well tritiated thymidine. After 6 h, cells were harvested and thymidine incorporation was detected. An average of each triplicate assay was calculated, and per cent increase over untreated cells was determined. Data shown are the average+stan-dard error c-Cbl and Jak-STAT signaling L Wang et al withdrawal in myeloid cells (Hamilton et al., 2001; Sinha et al., 2001) . Thus, it appears that c-Cbl could behave as a double-edged adaptor, similarly to Lyn's behavior as a double-edged kinase (Figure 7 ) (Kawakami et al., 2000; Nishizumi et al., 1998; Satterthwaite et al., 1998 ). Cbl's positive and negative effects are likely to be both cell-specific and ligand-specific.
To analyse the role of c-Cbl in G-CSF receptor signaling, we cloned the cDNA for c-Cbl and constructed antisense vectors for introduction into the DT40 cell line. Although a c-Cbl-deficient DT40 line has been established (Yasuda et al., 2000) , four rounds of gene targeting were required. Because that cell line already expresses resistance genes for neomycin, puromycin, histidinol, and blastocidin, few selection markers remain for additional stable transfection strategies. Also, biochemical analyses of this cbldeficient line may reflect effects due to its multiple genetic insertions. The use of a single c-Cbl antisense vector to repress its protein expression permits greater flexibility in experimental design. In their analysis of cCbl-deficient DT40 cells, Kurosaki's laboratory reported that stimulation of the B Cell Antigen Receptor led to modest enhancement of calcium mobilization (Yasuda et al., 2000) . We also found that B Cell Antigen Receptor response in our antisense cCbl DT40GR line (data not shown). In our studies, we found that DT40GR cells transfected with c-Cbl antisense showed enhanced tyrosine phosphorylation of Jak2, STAT1, STAT3, and STAT5 in response to G-CSF. These findings corroborate an earlier finding of enhanced tyrosine phosphorylation of Jak1 and STAT3 in c-Cbl antisense treated, EGF-stimulated mammalian cells (Ueno et al., 1997) . No functional study of enhanced Jak-STAT was made in those cells. Here, we observed that enhanced Jak-STAT was associated with inhibition of proliferative responses. This would suggest that c-Cbl regulates a growthpromoting pathway independent of Jak-STAT. As reported previously, G-CSF-induced proliferative signaling correlated instead with Lyn and PI 3-kinase activities. Interestingly, both repression and overexpression of c-Cbl led to decreased Lyn, PI 3-kinase, and thymidine incorporation responses. Thus, disturbance of c-Cbl's physiological level appears to affect biochemical and phenotypic responses. Over-expression of c-Cbl may favor its ubiquitin ligase activity, hence its negative effect on Src kinase activity (Yokouchi et al., 2001) . A recent report found that mutations spanning c-Cbl's RING finger do not induce transformation (Thien et al., 2001) . Thus, effects besides those of ubiquitination are physiologically significant. The role of c-Cbl in cell signaling is likely to be complex, with its multiple signaling domains and motifs providing multiple outcomes depending on cell context and stimulus. Cbl-b may also play a role in myeloid signaling, but in these experiments, antisense treatment of c-Cbl did not affect Cbl-b expression. Therefore, none of these findings may be due to alteration in Cblb properties.
Lyn-Cbl-PI 3-kinase constitutes one specific biochemical-functional pathway. Ligand-induced tyrosine phosphorylation of c-Cbl is nearly absent in Lyndeficient cells (Grishin et al., 2000; Nishizumi et al., 1995; Tezuka et al., 1996) . Lyn directly binds to Cbl, which couples it to PI 3-kinase activity (DombroskyFerlan and Corey, 1997) . Mutation of Tyr731 in Cbl prevents binding of the p85 SH2 domain to its phosphorylated form. This abrogation of a Cbl-p85 interaction results in a loss of PI 3-kinase activity. Moreover, c-CblY731F behaves as a dominant negative in blocking a Cbl-PI 3-kinase pathway, which is associated with proliferation for G-CSF or IL-4 (Grishin et al., 2000; Ueno et al., 1998) . This model is corroborated by our present findings that repression of c-Cbl inhibits the Lyn-Cbl-PI 3-kinase proliferative pathway. Interestingly, over-expression of c-Cbl also inhibits this pathway. Since c-Cbl can also function as an ubiquitin ligase, over-expression may affect Lyn and PI 3-kinase activities. Indeed, ubiquitin ligase activity has been found to block Lyn or other Src kinases and PI 3-kinase (Fang et al., 2001; Ikeda et al., 2000; Oda et al., 1999) .
Materials and methods
Cells and antibodies
Wild-type DT40 cells, DT40 Cbl-deficient cells (kindly provided by Dr Tomohiro Kurosaki), and DT40GR cells which express the human G-CSF receptor were grown in RPMI 1640 medium containing 10% FCS (Atlanta Biologicals, Atlanta, GA, USA), 1% chicken serum (Sigma, St. Louis, MO, USA). Fifty mM b-mercaptethanol, 200 mM L- Figure 7 The double-edged functions of Lyn and Cbl. Lyn is described as a double-edged kinase. For instance, it phosphorylates both the immunoreceptor tyrosine activation motif (ITAM) and immunoreceptor tyrosine inhibitor motif (ITIM). Since Cbl is a major substrate of Lyn, Cbl is hypothesized to serve as a double-edged adaptor. Negative signaling is achieved through its function as an ubiquitin ligase, while positive signaling occurs through PI 3-kinase. Other binding partners for Lyn or Cbl may be either positive or negative c-Cbl and Jak-STAT signaling L Wang et al glutamine, 50 units/ml penicillin, and 50 mg/ml streptomycin. Rabbit polyclonal antibodies against Cbl, G-CSF Receptor, actin and STAT1 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies against Jak-2 (polyclonal rabbit), phosphotyrosine (murine monoclonal clone 4G10), STAT5a (polyclonal rabbit), and Lyn (murine monoclonal) were purchased from Upstate Biotechnology (Lake Placid, NY, USA). Rabbit polyclonal antibodies against phosphoSTAT3 (Tyr705), STAT3, phosphoSTAT5 (Tyr694), and phospho-Src(Y416) were purchased from Cell Signaling Technology (Beverly, MA, USA).
RNA isolation and RT -PCR
DT40 cells were harvested and subjected to total RNA isolation with Trizol reagent (Life Technologies) according to the manufacturer's instructions. A chicken embryo (15 days) was dissected and liver, spleen, brain, muscle, and intestine were snap-frozen in liquid nitrogen and ground for total RNA isolation by Trizol reagent. DT40 cells were also processed by the PolyA Isolation kit (Promega, Madison, WI, USA) to yield mRNA as the template for 5' or 3' RACE PCR. 1 -2 mg total RNA were used for reverse transcription by mixing with Oligo dT 12 -18 or random hexamer primers (Promega), 56 first strand buffer, 0.1 M DTT and SuperscriptII Reverse Transcriptase (Life Technologies) at 428C for 1 h. The generated cDNA was used to produce (1) a Cbl probe for Northern blotting and library screening with the forward primer 5'-AAGCATTTGGGGAGAAGAC-3' and the reverse primer 5'-ACACAAGCCAGTCAAGTCAG-3' and (2) full-length Cbl cDNA with the forward primer 5'-ATGGCCGGCAACGTG-3' and the reverse primer 5'-GGCTGACCTCTGCACGAA-3'.
Rapid amplification of cDNA ends (RACE) PCR
To obtain the 3' end of the chicken Cbl transcript, both 3' RACE and library screening were used. 1 -2 mg mRNA were used with the Marathon cDNA Synthesis kit (Clontech, Palo Alto, CA, USA). The resulting cDNA was then used for 3' RACE with Advantage 2 PCR kit (Clontech). For 5' RACE, mRNA (Marathon cDNA Synthesis kit) or total RNA (RLM -RACE kit, Ambion, Austin, TX, USA) were chosen, and the RACE reactions were performed by strictly following the manufacturer's instructions. Several pairs of primers were chosen from the original and gradually expanded chicken cCbl cDNA sequence to reach both ends of Cbl mRNA covering the complete coding sequence: for 5' RACE: 5'-GGCTCACACAAGCCAGTCAAGTCAG-3', 5'-TCAGGG-TATACTTCGTCAGGTTACGC-3', 5'-GAACAATGGTCT-TCTCCCCAAATGCT-3' and for 3' RACE: 5'-GCATT-TGGGGAGAAGACCATTGTTCC-3', 5'-GGTCCTCTTT-GCTCAGGAACTGGA-3', 5'-TTTCGATTGAGTTGCAC-CCGACTT-3', and 5'-TCACTGCAGATGGGAACATT-CTTCAGAC-3'. PCR conditions were individually optimized.
cDNA library screening
To complete the 3' sequence and confirm the reliability of the sequence obtained by RACE -PCR from DT40 cells, a lZAP-constructed chicken liver cDNA library (Stratgene, LaJolla, CA, USA) was screened with the PCR-synthesized chicken Cbl probe (see above). Briefly, the phage were plated at 5610 4 pfu/plate, and a total of about 1610 6 plaques were screened with [a 32 P]-dCTP randomly-labeled chicken c-Cbl probe cDNA by overnight plaque lift hybridization at 688C.
After three rounds of screening, two overlapped positive clones containing about 1.6 -1.9 kb (with *600 bp sequence not obtained by 3' RACE -PCR) were chosen to be subcloned into a shuttle vector pCTR (Eppendorf-5'Prime, Boulder, CO, USA) and sequenced.
Northern blotting
Twenty mg total RNA from chicken liver, spleen, muscle, brain, intestine and DT40GR cells were loaded onto the formamide/formaldehyde 1% agarose gel and separated by constant running at 5 V/cm for about 1.5 h and transferred onto nylon membrane (Bright Star Plus, Ambion, Austin, TX, USA) and UV cross-linked. The hybridization was performed overnight with Ultrahyb (Ambion) at 428C and subjected to autoradiography after several changes of washing at low and high stringency temperature (room temperature or 428C, respectively).
Construction of antisense and sense Cbl
DNA sequences obtained by amplification using primers with 5' EcoRI linker sequences and corresponding to chicken cCbl codons 74-202 (forward: 5'-GACACCTACCAG-CACCTC-3', reverse: 5'-GAACTGATGGGATGCACTTC-3'), and codons 176 -337 (forward: 5'-AAGCATTTGGG-GAGAAGAC-3' and reverse: 5'-ACACAAGCCAGTC-AAGTCAG-3'). The obtained fragments were cut with EcoRI and cloned into the EcoRI site of pcDNA3.1 (Invitrogen, La Jolla, CA, USA). Full-length chicken c-Cbl was also amplified with the primers described above, and cDNA ends were blunt cut with pMOSBlue blunt-end cloning kit (Amersham Pharmacia Biotech) and inserted into the EcoRV site of pcDNA3.1 The orientation of all inserts was identified by restriction digestion and sequencing. The antisense Cbl constructs corresponding to codons 74 -202 and 176 -337 were named AS1 and AS2, respectively. Fulllength antisense and sense c-Cbl constructs were also selected.
Transfection and selection
For stable transfection, the parental empty vector (pcDNA3.1) or vectors encoding AS1, AS2, full-length antisense (AS-FL) or sense c-Cbl were electroporated into DT40GR cells at 300 V and 960 mF. Cells were selected in medium containing 1 mg/ml G418 (Life Technologies) for 2 weeks, and then expanded under sustained selection (800 mg/ ml G418). Cbl antisense or sense clones were initially screened by Western blotting with anti-Cbl antibody and then with Western blotting with anti-G-CSF receptor antibody to obtain clones with comparable G-CSF receptor expression. The chosen antisense or sense clones were checked periodically with sense-primed RT -PCR to confirm the constant expression of the antisense Cbl construct.
Immunoprecipitation and Western blot
Prior to cell lysis, 1610 7 cells were starved in medium deprived of FCS and chicken serum for 4 -16 h, then stimulated with G-CSF (100 ng/ml at 378C for 10 min). After cell lysis in NP40 lysis buffer (1% NP40, 150 mM NaCl, 20 mM Tris, pH 7.5, 1 mM EDTA) containing 10 mg/ml aprotinin, 10 mg/ml leupeptin, 0.2 mM vanadate, and 1 mM PMSF for 1 h and removal of insoluble pellets by centrifuging, supernatants were incubated overnight with rabbit polyclonal antibodies at 48C, and immunoprecipitates were obtained by incubating with protein-A-Sepharose for c-Cbl and Jak-STAT signaling L Wang et al 2 h at 48C. Immunoprecipitates were washed and resolved on SDS -PAGE, transferred onto ImmobilonP (Millipore, Bedford, MA, USA) and subjected to immunoblotting, followed by enhanced chemiluminescence (ECL, Amersham Pharmacia Biotechnology) detection according to manufacturer's instructions.
In vitro PI 3-kinase assay
After washing with lysis buffer the immunoprecipitates were washed with 20 mM HEPES (pH 8.0) and 150 mM NaCl. Added to each sample was 20 ml kinase buffer (20 mM HEPES, pH 8.0, 150 mM NaCl, 10 mM MgCl 2 , 10 mM MnCl 2 ) containing 10 mCi [g-32 P] ATP (43000 Ci/mmol, ICN) and 1 mg/sample phosphatidylinositol (Avanti Polar Lipids, Birmingham, AL, USA). The reactions proceeded at room temperature for 10 min before being terminated by the addition of 1 N HCl. After extracting with chloroform/ methanol, the organic layer was spotted on TLC plate, and analysed by autoradiography with comparison to the phosphatidylinositol-4-phosphate standard (Sigma). Graphics were obtained by scanning original films with a HewlettPackard ScanJet5p and Adobe Photoshop LE software.
